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Ebola virus and Marburg virus (EBOV and MARYV, respec-
tively) of the family Filoviridae cause hemorrhagic fever with
high mortality rates, sometimes reaching 50 to 90% of infected
individuals, in humans and nonhuman primates (10, 16, 47).
EBOV consists of four species, Zaire EBOV, Sudan EBOV,
Ivory Coast EBOV, and Reston EBOV, which were first iso-
lated in the Democratic Republic of Congo, Sudan, Ivory
Coast, and the Philippines, respectively (47). MARYV consists
of one species, Lake Victoria MARYV. Public health concerns
about filovirus infection have increased in recent years. First,
there have recently been large outbreaks of hemorrhagic fevers
caused by EBOV (Ebola hemorrhagic fever [EHF]) and
MARYV (Marburg hemorrhagic fever [MHF]) in Africa; EHF
outbreaks occurred in the Democratic Republic of Congo and
Uganda in 1995 and 2000, respectively, and MHF outbreaks
occurred in the Democratic Republic of Congo in 1998-1999
and in Angola in 2004-2005 (1, 7, 27, 56, 58-60). Second, there
is a possibility that filoviruses may be used as bioweapons. In
this regard, filoviruses are classified as category A warfare
agents by the U.S. government and are considered to pose a
great risk to international security, along with anthrax, botu-
lism, tularemia, and smallpox (2).

As the magnitude of international trade and travel is con-
tinuously increasing, there is a significant risk that the hemor-
rhagic fever viruses could be introduced to virus-free countries
from areas where they are endemic. Therefore, the develop-
ment of laboratory diagnostic systems for EHF and MHF is an
important subject even in countries without viral hemorrhagic
fevers. Manipulation of infectious hemorrhagic fever viruses
such as EBOV, MARYV, Crimean-Congo hemorrhagic fever
virus, and Lassa virus requires a biosafety level 4 (BSL-4)
laboratory, which is designed for work with dangerous and
exotic agents that pose a high risk of laboratory infection and
life-threatening disease. However, BSL-4 laboratories are only
available in a limited group of countries, such as the United
States, Canada, France, the United Kingdom, Germany, South
Africa, Sweden, and Russia.

To get around the need for BSL-4 laboratories, recombinant
viral antigens are used for immunodiagnostics. The recombi-
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nant proteins of these viruses have been expressed, and sero-
logical diagnostic methods have been developed using the re-
combinant proteins. Antigen detection systems have also been
developed using recombinant antigens. In this article, recent
progress in the development of diagnostic methods for EHF
and MHF is reviewed.

EBOLA AND MARBURG HEMORRHAGIC FEVERS

Structure of EBOV and MARYV virions. Electron micro-
scopic examination revealed that EBOV and MARYV virions
are pleomorphic, appearing as either long filamentous forms
or in shorter U-shaped, 6-shaped, or circular configurations.
The filamentous forms vary greatly in length (up to 14,000 nm),
with mean unit lengths of virions of about 1,200 and 860 nm for
EBOV and MARYV, respectively (47). The virus genome of
EBOV is almost 19 kb long and encodes seven viral proteins,
namely, nucleoprotein (NP), polymerase cofactor (VP35), matrix
protein (VP40), glycoprotein (GP), replication-transcription pro-
tein (VP30), matrix protein (VP24), and RNA-dependent RNA
polymerase (L), with an additional soluble glycoprotein (sGP)
produced from an edited GP mRNA. The genes are arranged
in the order 3'-NP-VP35-VP40-GP-VP30-VP24-L-5'. The vi-
rus genome of MARYV has similar characteristics to EBOV,
except for the expression of the soluble glycoprotein produced
from edited GP mRNA (47). The nucleocapsid complexes of
filoviruses consist of the nonsegmented negative-strand RNA
genome, NP, polymerase L, VP35, and VP30. The structural
proteins, VP40 and VP24, represent viral matrix proteins con-
necting the nucleocapsid to the viral envelope. The envelope
GP is an integral membrane protein which forms spike-like
protrusions on the surface of the virion (11, 13). GP mediates
virus entry into susceptible cells through receptor binding and
plays an important role in inducing neutralizing antibodies.

Diseases caused by EBOV and MARV. Filovirus infections,
in general, are the most severe of the viral hemorrhagic fevers.
Humans are usually infected with EBOV or MARYV through
close contact with the contaminated blood, tissues, and/or ex-
cretions of viremic animals, including patients with filovirus
infections. After an incubation period of 4 to 10 days, infected
individuals abruptly develop flu-like symptoms characterized
by fever, chills, malaise, and myalgia. Subsequently, patients
usually develop the signs and symptoms that indicate systemic
involvement, such as prostration and gastrointestinal (an-
orexia, nausea, vomiting, abdominal pain, and diarrhea), res-
piratory (chest pain, shortness of breath, and cough), vascular
(conjunctival injection, postural hypotension, and edema), and
neurological (headache, confusion, and coma) manifestations.
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TABLE 1. Outbreaks of EHF and MHF
Virus Country(ies) Year(s) NO'O(f)fpjfiitIl:tss/no' Description
Lake Victoria ~ Germany and 1967 7/31 Origin of MARYV responsible for the outbreak
MARV Serbia/Herzegovina was a monkey imported from Uganda.
Zimbabwe and South Africa 1975 1/3 Index case was infected with MARYV in
Zimbabwe; nosocomial infection occurred
in a hospital in South Africa.
Kenya 1980 12
Kenya 1987 1/1
Democratic Republic of Congo  1998-1999 52/76 Prospective study on MHF indicated that there
were approximately 150 patients with MHF
in this outbreak.
Angola 2004-2005 357/423 Mortality rate exceeded 80%; many children
(as of 7 July 2005) suffered from MHF in this outbreak.
Sudan EBOV  Sudan 1976 151/284 First documented outbreak of VHF due to
Sudan EBOV.
Zaire EBOV Democratic Republic of Congo 1976 280/318 First documented outbreak of VHF due to
Zaire EBOV.
Zaire EBOV Democratic Republic of Congo 1977 1/1 Sporadic outbreak.
Sudan EBOV  Sudan 1979 22/34
Reston EBOV  United States 1989-1990 0/4 Outbreak of EHF in nonhuman primates
imported from the Philippines. Four persons
were confirmed to be infected with Reston
EBOV without any symptoms.
Reston EBOV  Italy 1992 0/0 Outbreak of EHF in nonhuman primates
imported from the Philippines.
Ivory Coast Ivory Coast 1994 0/1 A veterinarian was infected when she handled
EBOV a dead chimpanzee.
Zaire EBOV Democratic Republic of Congo 1995 244/315 The epicenter of this outbreak is Kikwit,
Democratic Republic of Congo.
Zaire EBOV Gabon 1996 21/31
Zaire EBOV Gabon and South Africa 1996 45/60 Nosocomial infection occurred in a hospital in
which a nurse who took care of a doctor that
was transferred from Gabon died.
Sudan EBOV  Uganda 2000 149/394 The epicenter of this EHF outbreak was the
Gulu District in Uganda.
Zaire EBOV Gabon and the Democratic 2001-2002 69/92 The outbreak area was close to the border
Republic of Congo between the two countries.
Zaire EBOV Democratic Republic of Congo 2003 29/35 Thirteen of the cases were laboratory confirmed
and 130 were epidemiologically linked.
Sudan EBOV  Sudan 2004 v
Zaire EBOV Democratic Republic of Congo 2005 9/12 One case was virologically confirmed (http://www

(as of 16 June 2005)

.who.int/csr/don/2005_06_16/en/index.html).

Bleeding is manifested as petechiae, ecchymosis, uncontrolled
oozing from venipuncture sites and gingiva, mucosal hemor-
rhages, and bloody diarrhea. In later stages, the general con-
dition of patients deteriorates due to multiorgan failure, in-
cluding disseminated intravascular coagulopathy, resulting in
death (4, 14, 42, 47).

Epidemiology of Ebola and Marburg hemorrhagic fevers.
The outbreaks caused by EBOV and MARV are summarized
in Table 1. The first documented MHF outbreak occurred in
Germany and then in Yugoslavia in 1967 (36). Technicians and
scientists suffered from MHF after they manipulated tissue
materials collected from African green monkeys imported
from Uganda. It was suggested that the monkeys had already
been infected with MARV when imported. Three sporadic
cases of MHF were reported in Zimbabwe (1975) and Kenya
(1980 and 1987) (8, 12, 24, 49). From 1998 to 1999, there was
a large outbreak in the Democratic Republic of Congo (1). The
largest outbreak of MHF occurred in Uige Province, Angola,
in 2004, and 374 patients have been reported, with a mortality

rate of over 88%, as of 24 August 2005 (http://www.who.int/csr
/don/2005_08_24/en/index.html).

The first recognized outbreaks of EHF occurred in the Dem-
ocratic Republic of Congo, formerly Zaire, and Sudan in 1976
(3, 26, 54, 55). After the discovery of EBOV in 1976, several
African countries were struck by outbreaks of EHF caused by
one of the three known human-pathogenic EBOV species
(Zaire EBOV, Sudan EBOV, and Ivory Coast EBOV) (12, 17,
27, 31, 52, 57-59, 61, 62). Outbreaks of EHF caused by the
other EBOV strain, Reston EBOV, occurred among cynomol-
gus macaques imported from the Philippines to the United
States in 1989 (23). Reston EBOV was also introduced to the
United States in 1989, 1990, and 1996, and to Italy in 1992,
through importation of infected monkeys from the Philippines
(5, 6, 23, 63). It is noteworthy that the incidences of EHF and
MHEF outbreaks are increasing and that the number of patients
suffering from EHF or MHF is on the rise (Table 1).

Several cases of nosocomial infections of EBOV and MARV
outside the areas of endemicity have been reported. A health-
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care worker who took care of severely ill patients transported
from Zimbabwe acquired MARYV infection (15), and a health-
care worker was infected with Zaire EBOV after taking care of
a severely ill patient transported from Gabon (41). The se-
verely ill patient was a medical doctor who was infected with
Zaire EBOV from an EHF patient in Gabon. Both nosocomial
infections occurred in South Africa.

CURRENT LABORATORY DIAGNOSTICS FOR
EHF AND MHF

Overview of current laboratory diagnostics for EHF and
MHF. In outbreaks of EHF and MHEF, infections are con-
firmed by various laboratory diagnostic methods. These in-
clude virus isolation, reverse transcription-PCR (RT-PCR),
including real-time quantitative RT-PCR, antigen-capture en-
zyme-linked immunosorbent assay (ELISA), antigen detection
by immunostaining, and IgG- and IgM-ELISA using authentic
virus antigens (9, 18, 28-30, 32, 48, 50, 53, 64). Histological
techniques, including antigen detection by immunohistochem-
ical analyses, are sensitive methods, particularly for postmor-
tem diagnosis (64). Diagnosis by detection of virus antigens is
suitable for patients in the early stage of illness, while serolog-
ical diagnosis by the detection of specific IgM and IgG anti-
bodies is suitable for patients in a relatively late stage of illness.
The former is especially suitable for patients who die before an
antibody response is mounted. Diagnostics for viral hemor-
rhagic fevers, including EHF and MHF, must be sensitive,
specific, and reliable because misdiagnosis of viral hemor-
rhagic fevers may bring huge turmoil to society. Therefore, the
diagnosis of EHF and MHF must not rely on any single diag-
nostic method alone. The risk of misdiagnosis must be ex-
tremely minimized. In actual EHF or MHF outbreak areas,
patients with EHF or MHF must be isolated. This indicates
that a false-positive result will put an individual at unnecessary
risk of infection by making the person be placed in a high-risk
environment such as an isolation ward. A false-negative result
will allow persons who are infected with EBOV or MARYV to
be released into the community with the understanding that
they do not have viral hemorrhagic fever, when in fact they
have the potential to become highly contagious and cause
person-to-person transmission of these viruses in the commu-
nity. In Africa, Lassa fever and Crimean-Congo hemorrhagic
fever are also endemic. Therefore, the diagnosis of viral hem-
orrhagic fevers must rely on multiple diagnostic assays for viral
hemorrhagic fevers in a comprehensive manner.

Virus isolation. Virus isolation is a basic, simple, and sensi-
tive method for diagnosis of EHF and MHF. EBOV and
MARY grow well in a large variety of cell lines, but Vero cells
and Vero E6 cells are commonly used. Specimens such as
blood must be sent to BSL-4 laboratories, which are located in
developed countries, from an outbreak area, which is often
very remote. The shipment of specimens for virus isolation
under favorable conditions (cold chain during the period from
shipment to arrival) is often difficult. Therefore, diagnostic
criteria based on virus isolation alone will not yield an etiologic
diagnosis. A panel of monoclonal antibodies to the recombi-
nant NPs (rNPs) of Zaire EBOV, Reston EBOV, and Lake
Victoria MARYV was established by our group (20, 39, 40, 44).
Monoclonal antibodies specific only for NP of Zaire EBOV,
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for NP of Reston EBOV, for NPs of Zaire and Sudan EBOV,
for NPs of Zaire and Reston EBOV, and for NP of Lake
Victoria MARYV alone were developed. By using these mono-
clonal antibodies, it became possible to serologically identify
the species of EBOV and MARYV isolates.

RT-PCR, including real-time quantitative RT-PCR. Molec-
ular diagnostic methods for EHF and MHF by RT-PCR were
developed and evaluated well in the epidemic setting, espe-
cially in the EHF outbreaks in the Democratic Republic of
Congo in 1995, in Gabon in 1996, and in Uganda in 2000 (32,
48, 50). During the EHF outbreak in Uganda in 2000, a nested
RT-PCR using primer sets designed specifically for the NP
region of the Sudan EBOV Gulu strain, which was the caus-
ative EBOV for the outbreak, was developed (50). Recently,
real-time quantitative RT-PCR methods for EHF and MHF
were also developed (9, 18, 50, 53). The real-time quantitative
RT-PCR method developed by Drosten et al. is a one-step
RT-PCR with the addition of the DNA-intercalating dye
SYBR green I using the primer set Filo-A (5'-ATCGGAATT
TTTCTTTCTCATT-3') and Filo-B (5'-ATGTGGTGGGTTA
TAATAATCACTGACATG-3"), which was designed for the
amplification of L genes from both EBOV and MARYV (Table 2)
(9, 48). On the other hand, the real-time quantitative RT-
PCR methods developed by other investigators are based on
the technology of TagMan probe-based quantitative RT-PCR,
using a designated primer set with a fluorogenic TagMan
probe that is labeled at the 5" end with the reporter dye 6-car-
boxyfluorescein and at the 3’ end with a quencher tag (18, 50,
53). The primer sequences used for RT-PCR, nested RT-PCR,
and real-time quantitative RT-PCR are summarized in Table
2. These molecular diagnostics for EHF and MHF have been
proven to be sensitive, specific, and efficacious in the diagnosis
of filovirus infections. Although RT-PCR assays, especially
nested RT-PCR and real-time quantitative RT-PCR, are use-
ful, false-positive and false-negative results must always be
excluded. The sensitivities of the RT-PCR systems used in
several laboratories vary (38).

Antigen detection ELISAs for EHF and MHF. When infec-
tion with EBOV or MARYV becomes fatal, patients usually die
before the antibody response. This fact suggests that serolog-
ical diagnostics are suitable for the diagnosis of infection in
patients who survive but not in those who succumb to the
infection. High titers of infectious filovirus are present in the
blood and tissues of patients at the early stage of illness, sug-
gesting that the detection of virus antigens is suitable for di-
agnosis of EHF and MHF at an early stage. Antigen-capture
ELISA was developed for the detection of EBOV antigens; it
was used in clinical settings such as EHF outbreaks in the
Democratic Republic of Congo in 1995, in Gabon in 1996, and
in Uganda in 2000 and was confirmed to be efficacious in
diagnosis of EHF (28-30, 50). In the antigen-capture ELISA,
a pool of monoclonal antibodies to the Zaire and Sudan
EBOVs and rabbit sera raised to the Zaire and Sudan EBOVs
were used as capture and detection antibodies, respectively
(28, 29). Antigen-capture ELISA systems to detect EBOV and
MARYV antigens have also been developed by other groups,
including ours (20, 34, 35, 39, 44). The target proteins are NP,
VP40, and GP. The characteristics of the developed EBOV-
and MARV-specific antigen-capture ELISAs are summarized
in Table 3. Saijo et al. developed filovirus antigen detection
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TABLE 2. Primers used for RT-PCR amplification of EBOV sequences and targeted genes, with predicted sizes of amplified DNA products

Target gene (size of

Assay system Primer or probe” Sequence (sense) (5'-3") amplicon [bp]) Reference
RT-PCR EBO-GP1 (F) AATGGGCTGAAAATTGCTACAATC EBOV GP (579) 48
EBO-GP2 (R) TTTTTTTAGTTTCCCAGAAGGCCCACT
RT-PCR FILO-A (F) ATCGGAATTTTTCTTTCTCATT Filovirus L (419) 48
FILO-B (R) ATGTGGTGGGTTATAATAATCACTGACATG
RT-PCR RES-NP1 GTATTTGGAAGGTCATGGATTC Reston EBOV NP (337) 48
RES-NP2 (R) CAAGAAATTAGTCCTCATCAATC
RT-PCR ZAI-NP1 GGACCGCCAAGGTAAAAAATGA Zaire EBOV NP (268) 48
ZAI-NP2 (R) GCATATTGTTGGAGTTGCTTCTCAGC
Nested RT-PCR®  SudZaiNP1 (+) (F) GAGACAACGGAAGCTAATGC Sudan and Zaire EBOV 50
SudZaiNP1 (—) (R) AACGGAAGATCACCATCATG NP (150)
SudZaiNP2 (+) (F) GGTCAGTTTCTATCCTTTGC
SudZaiNP2 (—) (R) CATGTGTCCAACTGATTGCC
Real-time Unnamed (F) GAAAGAGCGGCTGGCCAAA NP OREF region of the Gulu 50
qRT-PCR? Unnamed (R) AACGATCTCCAACCTTGATCTTT strain of Sudan EBOV (78)
Unnamed (P) TGACCGAAGCCATCACGACTGCAT
Real-time EBOGP-1D forward (F) TGGGCTGAAAAYTGCTACAATC GP region of Zaire EBOV 18
gqRT-PCR” EBOGP-1D reverse (R) CTTTGTGMACATASCGGCAC (112)
EBOGP-1DZPrb (P) CTACCAGCAGCGCCAGACGG
Real-time EBOGP-1D forward (F) TGGGCTGAAAAYTGCTACAATC GP region of Sudan EBOV, 18
qRT-PCR? EBOGP-1D reverse (R) CTTTGTGMACATASCGGCAC Boniface strain (112)
EBOGP-1DSPrb (P) TTACCCCCACCGCCGGATG
Real-time ENZ FP (F) ATGATGGAAGCTACGGCG NP region of Zaire EBOV 53
gqRT-PCR? ENZ RP (R) AGGACCAAGTCATCTGGTGC (70)
ENZ P (P) CCAGAGTTACTCGGAAAACGGCATG
Real-time ENS FP (F) TTGACCCGTATGATGATGAGAGTA NP region of Sudan EBOV, 53
qRT-PCR? ENS RP (R) CAAATTGAAGAGATCAAGATCTCCT Boniface strain (88)
ENS P (P) CCTGACTACGAGGATTCGGCTGAAGG
Real-time MN FP (F) CAATTCCACCTTCAGAAAACTG NP region of LV MARV,? 53
gqRT-PCR” MN RP (R) GCTAATTTTTCTCGTTTCTGGCT Popp strain (77)
MN P (P) CACACACAGTCAGACACTAGCCGTCCT

¢ Primers followed by (F), (R), and (P) indicate forward, reverse, and probe primers, respectively.

® qQRT-PCR, quantitative RT-PCR.

¢ The primers SudZaiNP1 (+) and SudZaiNP1 (—) are used for the first-round PCR reaction, and the primers SudZaiNP2 (+) and SudZaiNP2 (—) are used for
the second-round PCR reaction. The size of the PCR products of 150 bp is expected when the amplicon is generated with the primer set designed for the second-round

PCR.
4LV MARYV, Lake Victoria MARV.

ELISAs using unique monoclonal antibodies to the rNPs of
Zaire EBOV, Reston EBOV, and Lake Victoria MARV (20,
39, 44). Although the monoclonal antibodies were produced by
immunizing mice with recombinant NPs, the NP-capture
ELISA detected not only the rNPs of these viruses but also the
authentic EBOV and MARYV rNPs. Antigen-capture ELISAs
were developed for detecting the NPs of Zaire EBOV, Sudan
EBOV, and Reston EBOV (39), that of Reston EBOV alone
(20), and that of MARYV alone (44). The antigenic regions on
the NPs of EBOV and MARYV were determined to be located
in their carboxy-terminal halves. The carboxy-terminal 110 and
102 amino acids of the NPs of EBOV and MARYV, respec-
tively, possess strong antigenicity (45). All the monoclonal
antibodies that could be used as capture antibodies in the
antigen-capture ELISA format reacted with epitopes within
the carboxy-terminal ends of NPs (20, 39, 44). The monoclonal
antibodies useful as capture antibodies for rNPs of EBOV and
MARYV recognized conformational epitopes within the car-
boxy-terminal ends of NPs, while those for rNP of Reston
EBOV recognized linear epitopes (20, 39, 44). Interestingly,
the antigen-capture ELISA with capture monoclonal antibod-
ies to the TNP of Reston EBOV (Res2-6C8 and Res2-1D8),
which recognize linear epitopes, can detect only rNP of Reston
EBOV, but that with capture antibody to rNP of Zaire EBOV

(3-3D), which recognizes the conformational epitope, can de-
tect not only the rNP of Zaire EBOV but also rNPs of Sudan,
Reston, and Ivory Coast EBOVs (20, 39). Lucht et al. devel-
oped an antigen-capture ELISA using a monoclonal antibody
to Zaire EBOV GP as the capture antibody and another
monoclonal antibody to the same antigen as a detector anti-
body (35). They also developed an ELISA for the detection of
Zaire EBOV VP40, using two monoclonal antibodies to
Zaire EBOV VP40 as capture and detector antibodies (34).
The EBOV GP-capture ELISA only detected the GP of
Zaire EBOV, and the EBOV VP40-capture ELISA detected
the VP40s of all four EBOV species. It is considered that
EBOV and MARYV antigen detection ELISAs are useful for
accurate and rapid diagnosis of EHF and MHF. The efficacies
of these antigen-capture ELISAs must be evaluated by using
patient specimens in a clinical setting and in actual EHF or
MHF outbreaks.

Diagnosis by detection of antibodies to EBOV and MARY,
including recombinant protein-based antibody detection sys-
tems. An indirect immunofluorescence assay developed with
authentic virus antigens made from virus-infected cells has
been commonly used as a tool for the detection of antibodies
to filoviruses (25, 51). It has shown a high sensitivity for anti-
bodies during early convalescence and has been used exten-
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TABLE 3. Characteristics of reported antigen-capture ELISAs for filovirus antigens, such as target proteins, capture and detector antibodies,
and species of EBOV and MARYV that react with each capture antibody

Reactivity
Target protein Capture antibody Rcch(ii?letl;[?tii;toii;f Detector antibody EBOV LV Reference
Zaire  Sudan Ivory Reston MARV”
Coast
EBOV Pool of MADbs to Zaire and  Unspecified Rabbit sera raised to R R UK R N 28
Sudan EBOVs Zaire and Sudan
EBOVs
Zaire EBOV NP MAD 3-3D to Zaire EBOV  Carboxy-terminal region Rabbit serum raised to R R PR R N 39
of Zaire EBOV NP Zaire EBOV NP
Reston EBOV NP MAb Res2-6C8 to Reston ~ Carboxy-terminal region  Rabbit serum raised to N N R N 20
EBOV NP of Reston EBOV NP Reston EBOV rNP
MAD Res2-1D8 to Reston  Carboxy-terminal region  Rabbit serum raised to N N R N 20
EBOV NP of Reston EBOV NP Reston EBOV NP
Zaire EBOV GP MADb 3B11 to Zaire EBOV  Unspecified POD-labeled MAb R N N N N 35
GP 1G12 to Zaire
EBOV GP
Zaire EBOV VP40 MADb 2C4 to Zaire EBOV  Unspecified Biotin-labeled MAb R R R R N 34
VP40 5F6 to Zaire EBOV
VP40
LV MARV? NP MADb 2A7 to MARV NP Carboxy-terminal region Rabbit serum raised to N N N N R 44
of MARV NP (amino MARYV rNP
acid residues 632 to
645)
MAD 2H6 to MARV NP Carboxy-terminal region N N N N R

of MARV NP (amino
acid residues 643 to
695)

“R, UK, N, and PR indicate reactive, unknown, nonreactive, and possibly reactive, respectively.

1LV MARYV, Lake Victoria MARV.

sively in seroepidemiological surveys of EBOV and MARV
antibody prevalence. Recently, an authentic EBOV antigen-
based IgG-capture ELISA and IgM-capture ELISA were de-
veloped and used as tools for serological diagnosis of EBOV
infections (29, 30, 50). The IgM-capture ELISA has great use-
fulness as a diagnostic tool for EHF. Furthermore, IgG-ELISA
is efficacious, not only in diagnosis but also in field investiga-
tions of EBOV infections.

It is impossible, however, for institutes without BSL-4 facil-
ities to prepare authentic filovirus antigens from the infectious
viruses. Considering the increase in outbreaks of EHF and
MHEF, the increase in travelers, and the possibility of bioter-
rorism, diagnostic systems for viral hemorrhagic fevers are
necessary even in countries where BSL-4 laboratories are not
available. In order to overcome this difficulty, recombinant
protein-based diagnostic systems for viral hemorrhagic fevers
have been developed by several groups, including ours.

The EBOV and MARV antibody detection systems, in
which recombinant proteins of EBOV and MARYV are used as
antigens, are summarized in Table 4. Prehaud et al. first re-
ported the usefulness of the recombinant nucleoprotein (rNP)
and glycoprotein (rGP) of Zaire EBOV strain Gabon 94 for
the detection of IgG and IgM antibodies (43), and they studied
the efficacy of antibody detection ELISAs developed with
EBOV NP expressed in an Escherichia coli system or EBOV
rGP expressed in a baculovirus system. All sera collected from
seven EHF patients showed positive reactions in both recom-
binant protein-based antibody-detection ELISAs. Twenty-two
control sera showed negative reactions. Thus, the recombinant
proteins were confirmed to be useful as antigens for detecting
specific antibodies in IgG- and IgM-ELISAs. Saijo et al. fur-
ther expressed rNPs of Zaire EBOV and MARV (Musoke

strain) with a six-His tag at the amino-terminal end, using a
baculovirus system (45). The tNP of Zaire EBOV was effi-
ciently expressed. The Zaire EBOV rNP-based IgG-ELISA
demonstrated a high sensitivity and specificity, not only for the
detection of Zaire EBOV antibodies but also for the detection
of Sudan EBOV and Reston EBOV antibodies (45). The NP
of MARYV, composed of 695 amino acid residues, and the
carboxy-terminal half (341 to 695 amino acid residues) pos-
sessed strong antigenicity. The carboxy-terminal half of
MARYV 1NP was expressed in an E. coli system with a gluta-
thione S-transferase tag at the amino-terminal end. IgG-
ELISA with the carboxy-terminal half of MARV-rNP was then
developed. The IgG-ELISA with the carboxy-terminal half of
MARV-rNP also demonstrated a high efficacy and specificity
in detecting MARYV antibodies (45). The results suggest that
recombinant EBOV and MARYV rNP-based serological diag-
nostics are useful for the diagnosis of and seroepidemiological
investigations on viral hemorrhagic fevers. Using the same
strategy, a Reston EBOV rNP-based IgG-ELISA system was
developed (22). EBOV recombinant protein-based IgG-ELISA
systems were also developed by other investigators. Groen
et al. developed IgG-ELISAs using rNP or recombinant VP35
as antigens. It was demonstrated that a Zaire EBOV rNP-
based ELISA detected IgG antibodies, not only to Zaire
EBOV but also to other EBOV species, while a Zaire EBOV
recombinant VP35 (rVP35)-based ELISA detected IgG anti-
bodies to Zaire EBOV but not to other species. Furthermore,
EBOV rNP-based IgG-ELISA was more sensitive in the de-
tection of EBOV antibodies than was EBOV rVP35-based
IgG-ELISA. It is noteworthy that the sensitivities and speci-
ficities of EBOV recombinant protein-based IgG-ELISAs were
evaluated using a large panel of serum samples (26 positive
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TABLE 4. Characteristics of recombinant antigen-based antibody detection systems
Sensitivity (no. of  Specificity (no. of
Method Origin of antigen Antigen A(e'lming acid Expression of r'ecombinant positive samples/ negative samples/ Reference
positions) protein no. of positive no. of negative
controls) controls)
ELISA Zaire EBOV NP Transformation of E. coli 9/9 22/22 43
(Gabon 94 strain) with expression vector
rGP Recombinant baculovirus 9/9 22/22
system
Zaire EBOV NP Recombinant baculovirus 13/14 50/51 45
system
Truncated rNP Transformation of E. coli 13/14 50/51
(361-739) with expression vector
Zaire EBOV NP Recombinant baculovirus 24/26 489/500 19
system
Zaire EBOV rVP35 Recombinant baculovirus 12/26 499/500 19
system
Reston EBOV Truncated rNP Transformation of E. coli 10/10 72/72 22
(360-739) with expression vector
LV MARV? Truncated rNP Transformation of E. coli 3/3 62/62 45
(341-695) with expression vector
Indirect Zaire EBOV NP Infection of HeLa cells 14/14 47/48 46
immunofluorescence with recombinant
assay baculovirus
Reston EBOV NP Transfection of HeLa 16/16 96/96 21

cells with expression
vector

“The amino acid positions are counted from the translational initiation codon for each protein.

1LV MARYV, Lake Victoria MARV.

controls and 500 negative controls) collected from humans and
nonhuman primates (19).

The immunofluorescence technique is an alternative method
for detecting specific antibodies. Zaire EBOV NP was ex-
pressed in HeLa cells by abortive infection with a recombinant
baculovirus that carries the cytomegalovirus immediate-early
promoter and the Zaire EBOV NP gene (46). Reston EBOV
rNP was also expressed in HeLa cells by transfection with an
expression vector, pKS336, carrying the Reston EBOV NP
gene (21). The immunofluorescence systems developed with
these EBOV rNP-expressing HeLa cells as antigens were con-
firmed to be highly sensitive and specific (21, 46).

A novel and unique antibody-phage indicator assay for de-
tecting antibodies to the four species of EBOV in any species
of animals was also developed (37). A human monoclonal
antibody Fab fragment that reacts with an immunodominant
epitope on EBOV NP that is conserved in all four EBOV
species was established, and a competitive ELISA for detecting
antibodies to EBOV was then developed using the Fab frag-
ment. An assay using a phage-antibody spot test, which was
able to detect antibodies to EBOV NP in the tested sera by
inhibition of the reaction of the Fab antibody to EBOV anti-
gens, was also developed. These assays are considered useful
for the diagnosis of EBOV infections and for seroepidemio-
logical studies in the field. Although some species of fruit bats
were identified as reservoirs of EBOV (33), the greatest ad-
vantage is that this assay can be applied to seroepidemiological
research of EBOV infections in a variety of animal species.

CONCLUSIONS

New diagnostic systems for EHF and MHF have been
developed recently, using EBOV and MARV recombinant

proteins. These include IgG- and IgM-ELISAs, immunofluo-
rescence techniques, and antigen-capture ELISAs with mono-
clonal antibodies induced by recombinant proteins. These di-
agnostic systems demonstrate high sensitivities and specificities
and therefore are useful for the diagnosis of and epidemiolog-
ical studies on filovirus infections. Furthermore, preparation of
the antigens for these diagnostic systems does not require
infectious filoviruses. Thus, the systems are especially advan-
tageous for use in countries where BSL-4 facilities are not
available.
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